To determine whether quantitative ultrasound tissue characterization differentiates normal myocardial regions from segments of remote infarction, 32 consecutive patients with a diagnosis of previous myocardial infarction were evaluated. Images were obtained in real time with a modified two-dimensional ultrasound system capable of providing continuous signals in proportion to the logarithm of integrated backscatter along each A line. In 15 patients, adequate parasternal long-axis images that delineated both normal and infarct segments were obtained with standard time-gain compensation. Image data were analyzed to yield both magnitude and delay (electrocardiographic R wave to nadir normalized for the QT interval) of the cyclic variation of backscatter. We previously found that normal myocardium exhibits diastolic to systolic cardiac cycle-dependent variation of integrated backscatter in canine (1,2) and human (3) subjects. The systematic changes observed were found to reflect intrinsic acoustic properties of myocardium (4-6) that permit differentiation of normal from myopathic tissue (3). In open chest dogs, cyclic variation of backscatter was blunted immediately after coronary occlusion and restored by reperfusion (7,8). In preliminary studies (9) of closed chest dogs with remote myocardial infarction, the magnitude of cyclic variation of backscatter was found to be reduced, and time-averaged integrated backscatter was observed to be
increased in infarct segments in comparison with values in normal myocardium. To determine whether this pattern occurs in human subjects, we prospectively studied patients with a diagnosis of previous myocardial infarction with a recently validated real-time two-dimensional integrated backscatter imaging system (3,lO) .
Objectives were to determine 1) whether integrated backscatter imaging can be implemented effectively in a clinical environment, and 2) whether quantitative differentiation between infarct and normal myocardial regions can be accomplished with integrated backscatter analysis in patients with remote myocardial infarction.
Methods
Ultrasound system. The real-time two-dimensional integrated backscatter system used in this study has been described previously (3). In brief, it functions as a modified conventional, commercially available echocardiographic system with a 64 channel phased-array transducer operating at 2.5 or 3.5 MHz. In this study, conventional time-gain A TGC compensation (as opposed to the rational gain compensation used previously [3, 11] ) was used in the initial process of signal mixing, delaying and summing (Fig. I) . The transmit power, compression setting and individual values of timegain compensation were adjusted initially for each subject and kept constant thereafter throughout each study for both conventional and integrated backscatter imaging modes. No attempt was made in this study to standardize instrument adjustment among the subjects.
The summed intermediate frequency signal was sent along the conventional imaging path for detection and video processing (Fig. 1) . Alternatively, the signal could be sent to the integrated backscatter processor, which produces a continuous signal in proportion to the logarithm of integrated backscatter along each acoustic line in the image. Real-time integrated backscatter image data were obtained, stored and analyzed off-line. as previously described (3).
Both the magnitude and time delay of cyclic variation of integrated hacksc,atter tl'ere characterized in infarct segments and normal regions. The magnitude of cyclic variation in a specific site was defined quantitatively (in decibels) as the logarithm of the ratio between energies backscattered from the myocardium during diastole and systole ( Fig. 2A) . Calibration of the absolute backscatter level expressed relative to the reflection from a "perfect" steel plate reflector has not yet been implemented for our system. Thus, measurements of time-averaged integrated backscatter in this study in absolute terms were not obtainable. The time delay was defined as the interval from the occurrence of the peak electrocardiographic (ECG) R wave to the occurrence of the nadir of cyclic variation of backscatter at each site ( Fig. 2A) . The measured delays were corrected for varying heart rates by normalizing with respect to the measured ECG QT interval as: delay (ms)/QT (ms), resulting in a unitless ratio. Determination of the magnitude and the time delay of cyclic variation was performed by two observers who reached a consensus on the appropriate placement of horizontal and vertical cursors over a computer graphics display of the integrated backscatter versus time measurements from each individual site. A representation of the ECG was displayed simultaneously to facilitate measurement of delay. Cursor T ' "
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CRT differences were calculated automatically by the computer and stored for later compilation.
Study patients. Thirty-two consecutive patients with a history of prior myocardial infarction were considered for study. Inclusion criteria were: I) definitive clinical and ECG demonstration of prior myocardial infarction, with all infarcts having occurred ~3 months before ultrasound study; 2) acceptable parasternal long-axis views in both conventional and integrated backscatter imaging: and 3) clear visualization of a normal region and an infarct segment from the parasternal long-axis view judging from qualitative wall motion analysis. Data were obtained from all of the 15 patients who fulfilled all three criteria. Three patients were excluded because careful clinical and echocardiographic evaluation failed to show clear evidence of prior remote infarction. Twelve patients were excluded because of inadequate conventional or integrated backscatter parasternal images, or both. Two patients were excluded because of lack of clear demonstration of a normal or an infarct segment from the parasternal long-axis view.
Each subject underwent conventional two-dimensional echocardiographic examination with multiple echocardiographic views. The imaging system was then switched to the integrated backscatter mode, but the preadjusted transmit power and time-gain compensation settings were kept constant. Several series of images (at a rate of 30 frames/s), each containing two to six cardiac cycles, were obtained and stored in the computer for subsequent analysis, as previously described (3). Data analysis. lntramyocardial sites were selected for analysis only if good visualization of both endocardial and epicardial specular reflections was present. Regions were defined as normal or abnormal on the basis of qualitative evaluation of wall motion and wall thickening on conventional echocardiographic images. Identification and placement of the intramyocardial sites of analysis in each image frame were performed by a single observer. In addition, although inter-and intraobserver variations were not tested prospectively in this study because these have been published previously (3), selected sites were analyzed independently by three observers. each unaware of the results of the analysis of the other two observers. Similar to our previous work (3), no significant differences were noted in any of the interobserver comparisons. All results are expressed as mean values ? SEM. Except as noted, significance was determined with an unpaired Student's t test. Comparisons of the differences in cyclic variation between average values measured from normal and infarct zones for each patient were made with paired t tests.
Results
Clinical data. Clinical information and the mean data on magnitude and time delay of cyclic variation of integrated backscatter from normal and infarct sites in each individual are summarized in Table 1 . All 15 patients included in this study were men, ranging in age from 43 to 78 years (mean * SD 63 +-7). Eleven patients had myocardial infarction involving the anterior wall; the other four had posterior infarction. All had a history and ECG features typical of prior myocardial infarction. Independent data, (cineangiography or nuclear ventriculography) that confirmed regional wall motion abnormalities were available for 8 of the 15 patients. Results were concordant with echocardiographitally defined abnormal segments present in each patient. Ultrasound data (Table 1) . A total of 98 sites from the 15 patients were analyzed. Cyclic variation of backscatter was present in 55 of 56 normal myocardial sites, and averaged (-t SE) 3.2 ? 0.2 dB in magnitude ( Fig. 2A, 3 and 4, left panels). Cyclic variation in these 55 sites exhibited an average normalized time delay of 0.87 f 0.03. In infarct segments, the magnitude of cyclic variation was reduced significantly to 1.1 ? 0.2 dB (p < 0.0001, 42 sites) ( Fig. 2C and 3) . In 20 of the 42 infarct sites, no cyclic variation was detectable ( Fig. 2B and 4, right panels) . Even when the 20 sites that showed no cyclic variation were excluded from the average, the magnitude of cyclic variation was still significantly reduced compared with values in normal regions, averaging 2.1 + 0.2 dB (p < 0.005). Normalized time delay of cyclic variation was measurable in 21 of 22 infarct segments that exhibited cyclic variation, and was significantly increased to 1.47 4 0.12 (p < 0.0001) (Fig. 2C and 5) .
The mean values of both magnitude and delay of cyclic variation measured in normal and prior infarct zones were also compared for each patient. The mean value of magni- tudes (Fig. 6) showed a clear decrease in infarct regions in 14 of the 15 patients. The decrease was significant at the p < 0.0002 level by a paired f test (n = 1.5). The mean individual value of normalized time delay (Fig. 7) showed a clear increase in infarct zones in 11 of 13 patients in whom delay could be measured (p < 0.005). In Patients 3 and 15, no cyclic variation was detectable in any infarct site, thus precluding the measurement of delay and requiring the exclusion of delay data from the paired comparisons. 
Discussion
Conventional echocardiography and tissue characterization. We recently demonstrated (3) that cardiac cycledependent variation of integrated backscatter is present in normal human myocardium, yet is quantitatively distinctive in myopathic tissue. Our present results demonstrate that a real-time ultrasound tissue characterization system can be applied effectively in the clinical setting.
Conventional echocardiography is a powerful tool for identifying segments of prior infarction exhibiting abnormal wall motion and diminished wall thickening (12-14). However, it is not always possible to differentiate accurately infarct segments from normal myocardium solely on the basis of wall motion criteria. Results of prospective studies (1.5) have shown imperfect correlations between echocardiographic and histopathologic findings in normal and infarct myocardial segments. Rasmussen et al. (16) reported an increase in echo density from scarred myocardium in M-mode echocardiograms. Others (17.18) utilized statistical analysis of gray levels of video-processed echocardiographic images displayed as color-encoded data to differentiate infarct segments from normal or acutely ischemic myocardium. Tanaka et al. (19) demonstrated an increase in echo intensity in scar tissue relative to the intensity of the pericardial reflection. We have developed an approach designed to be more robust because of its direct measurement of the energy in the radiofrequency signals backscattered from myocardium. Our results demonstrate that, when both the magnitude and time delay of cyclic variation of backscatter are used in combination, infarct segments are clearly distinguishable from normal regions not only in aggregate, but also on a patient by patient basis. In the few patients whose infarct segments did not exhibit a marked reduction in the magnitude of cyclic variation compared with values from normal regions (Patients 1 and 5, Fig.  6 and Table l), the time delay of cyclic variation was significantly prolonged (Fig. 7) , providing a sensitive criterion for differentiation.
Ultrasound tissue characterization is being developed in prrrt to elucidate quantitatively the ucoustic properties of the myocurdium itself, rather than its motion or dimensions,
The average and individual values of the magnitude of cyclic variation in infarct segments
were comparable with values obtained in preliminary experiments with dogs with prior infarction (9). The average magnitude of cyclic variation in the normal region of the patients studied was somewhat lower than that in younger normal volunteers (3). Obvious differences between the two groups may explain this slight decrease. It is possible that some of the regions defined as normal (on the basis of absence of wall motion abnormalities) may have been affected in part by the ischemit process. Global left ventricular performance was, in fact, appreciably lower than that in normal healthy volunteers. The close anatomic proximity of normal regions to infarct segments may have resulted in an alteration in their function during systole, thereby influencing segmental cyclic variation of backscatter. cyclic variation of integrated backscatter in dogs with acute coronary occlusion followed by reperfusion (8). Although influenced by wall thickening, cyclic variation of backscatter appears to reflect the viability of segments and the intrinsic physical state of the myocardium rather than geometric phenomena as such (4-6).
Mechanisms responsible fbr the temporal deluy of cyclic \wiation of backscatter
are not clear. We previously showed that both the magnitude and the phase shift (that is. the time delay of cyclic variation with respect to the left ventricular pressure waveform) are altered with ischemia in open chest dogs and are restored by reperfusion. We identified phase-weighted amplitude of cyclic variation as a variable that reflects these phenomena (8). Fitzgerald et al. (22) , using somewhat different methods, observed similar phenomena. Brown et al. (23) dogs subjected to coronary ligation. Early diastolic ("postsystolic") events seem to be related to persisting contraction or delayed relaxation within the ischemic myocardium (24-26) and perhaps to effects of stretching or passive distension (20). The delayed cyclic variation we observed may reflect postsystolic events and may ultimately provide an approach for their detection and quantification. Present limitations. Although absolute measurements of time-averaged backscatter were not made in the current study, the integrated backscatter images of some patients were brighter in infarct segments than in the adjacent normal regions, suggesting greater average values of backscatter (Fig. 8) ; this finding is in agreement with results of our previous work (9). Further refinement of the system devel- oped and implementation of absolute calibration for backscatter should further elucidate specific myopathic processes affecting myocardium. Approaches focusing on pericardium (19, 27, 28) or lung interface with the heart (29) for calibration are promising. Data in the present study were obtained exclusively from the parasternal long-axis view on the basis of our previous experience (3). Quantitative integrated backscatter imaging from the parasternal short-axis and apical views has not yet been characterized thoroughly. Several important questions related to fiber orientation and anisotropy have not yet been resolved (30-32). We employed conventional time-gain compensation for attenuation as opposed to rational gain compensation (3,ll) because of the suboptimal image quality in many of our patients when rational gain compensation was attempted. In the relatively elderly patients studied, conventional time-gain compensation yielded a higher success rate than rational gain compensation for acquiring acceptable images. Even though rational gain compensation might have allowed absolute comparison of integrated backscatter values in the septum compared with the posterior wall in a given patient, the use of time-gain compensation permitted implementation of integrated backscatter imaging in a larger number of patients.
Conclusions. The results of this study demonstrate that ultrasound tissue characterization with integrated backscatter imaging clearly differentiates infarct segments from normal regions in selected patients with prior myocardial infarction. Ultrasound tissue characterization should permit differentiation of various myopathic manifestations from normal myocardium in patients.
